Radio frequency identification (RFID) is a contactless identification technology that has proven to work well in conjunction with reusable plastic containers (RPCs).
INTRODUCTION
Fresh vegetables and fruits are typically packed in various types and forms of containers to hold about 5 kg to 20 kg of net produce to facilitate their journey from farm to fork.1 While the per capita fresh fruit availability at retail in the USA has increased only slightly (2.37%) between 1989 and 2007 to 54.31 kg, the corresponding number for fresh vegetables has increased significantly (10.14%) to 84.77 kg. 2, 3 Fruits and vegetables along with other limited shelf life products must be distributed in an expedited manner from the farms to the retailers to preserve their freshness. Reusable plastic containers (RPCs) have emerged as one of the solutions to achieve this in an efficient and profitable manner. Some of the benefits of these shipping containers are that they are reusable, provide enhanced cooling capabilities though ventilation, are available in common footprint (60 cm x 40 cm) and different heights adopted by industry, can be knocked down when empty and can be reused approximately 30 times after sanitization.4
First introduced to the US retail trade in 1996 by Wal-Mart and HEB (Texasbased retailer), RPCs have become prevalent at all major retailoutlets.5 Recent deployment of these reusable containers has been conducted at Stater Bros. (2006) , Kroger (2006) and Harris Teeter (2008) among several other retailers.5RPCs are estimated to be used to distribute 7-8% of the retail produce volume as compared to 26% using corrugated fibreboard shippers.6,7 Some estimates regarding the future of RPC employ-ment in this sector predict the market share to grow by 15-20% per year.7
RPCs are typically leased or rented to the users by third-party logistics companies through a closed-loop pooling system. They are made available to the growers/processors that fill and ship them to distribution centres and/or retailers. At retail, the RPCs are often put directly on the retail shelves. Figure 1 below shows the conceptual operation of these systems. Some of the larger manufacturing companies also provide the pooling services to the users.
Radio frequency identification (RFID) is a contactless identification technology
that has proven to work well in conjunction with RPCs. The impact of this technology on returnable containers has been explored by several past studies.
Several case studies of RFID implementations in container manage-ment have found the key benefits to reduced shrinkage, increased availability of containers or pallets, accelerated search processes for goods in the supply chain and cost savings from claims, deposits and reconciliation between retailers and growers. [8] [9] [10] [11] [12] [13] RFID technology promises to provide unrealized benefits when applied to reusable assets such as RPCs and pallets provided the tag is able to survive the multiple trips required of them. A recent study related to the deployment of RFID tags designed for single use concluded that these tags could be used in multiple use scenarios without significant deterioration in performance if positioned optimally on RPCs.14 Another recently published study compared eight commercially available RFID tags mounted on RPCs for use in fresh produce distribution and subjected them to repeated physical and climatic cycles representing the distribution and cleaning environments and tested their effective read capa-bilities. 15 It concluded that in general, the process of sanitization was more detrimental to tag readability as compared to transportation and handling and that the ideal protection method for reuse of RFID tags on reusable containers is by encapsulation of the tag or integrating it within the RPCs during their manufacturing.
With the environmental stewardship goals already implemented or being discussed by most busi-nesses and industries, the employment of RPCs has been rapidly growing. A study comparing RPCs to single-use display-ready corrugated fibreboard trays summarized that the RPCs require 39% less total energy, produce 95% less total solid waste and generate 29% less total greenhouse gas emissions.4
This study was conducted to evaluate an innovative system for improving readability of passive RFID tags attached to a unitized load of RPCs. This system, a recently published patent, allows for the RF signal to wirelessly retransmit to the interior regions of the unitized load, thereby improving the overall readability of the cases in the unitized load.
[Insert Figure 1 ]
Materials
Energy transfer device (ETD). A patented system for improving the readability of RFID tags attached to RPCs by passively transferring the radio frequency (RF) signals between them was used in this study. 16 This system involves the inclusion of an 'energy transfer device', a coaxial transmission line, on the bottom of the RPCs that passively transfer RF signals to RFID tags not directly facing a reader antenna. While any coaxial cable that operates in the UHF range could be adapted, we used a 50 ohm impedance coaxial cable with silver-plated copper centre conductor and a braided shield and a diameter of 2.6 mm. In some applications, an RFID reader operates in a dense reader environment such as palletized load of product filled RPCs. These readers work to scan their interrogation zones for transponders which use radar cross section (RCS) modulation to backscatter information to the readers. Due to the RCS modulation the RFID communications link can be very asymmetric and while a typical reader transmits around 1 watt, only about 0.1milliwatt or less gets reflected back from the transponder. 16 After propagation losses from the transponder to the reader, the signal received by the reader could be as low as 1 nanowatt for passive transponders. 16 This performance can be further diminished due to nearby readers transmitting 1 watt at the same or nearby channel. The passive transference system used in this study overcomes this limitation to a great degree.
[Insert Figure 3 ]
The system based on the ETD concept is shown below in Figure 3 . In the figure, R1-R9 represent RPCs, A-D represent reader antennas, M1-M9 represent RFID modules and ETD1-ETD9 represent energy transfer devices affixed to the RPCs. As can be seen, there is no RFID module that is more than two ETD connections away from exposure to the RF when the stack has reader antennas on any of the two opposite faces. As an example, M5 can be accessed through two ETDs via reader antenna C as well as through only one ETD from reader antenna A. There are only a few RPCs where two connections through ETDs would be required. M2 for example would require two connections to be read by reader antenna C and it would not be exposed to antenna A except when the pallet is traversing through the portal. Portal and forklift truck. A counterbalanced forklift truck was used to carry and transfer the palletized loads of product through a portal at three different speeds to simulate various driving conditions. These were 2.4 kph, 8.1 kph and 16.1 kph. A standard portal was used as described and shown with in Figure 6 .
[Insert Figures 5 and 6 ]
Methods
The outcome variable of interest for this testing procedure was the readability of the RFID tags. Passive tags were tested with and without the presence of the ETD at palletized load level. In addition, previous studies have identified the supply chain variables that have the most significant affect on passive tag readability. 18, 19, [21] [22] [23] [24] These studies were used to identify the additional variables needed to examine the performance of the ETD in real supply chain conditions. The additional variables identified include product type, pallet orientation and forklift speed. These variables were also included in the analyses as possible predictors of the readability of RFID tags.
RESULTS AND DISCUSSION
In this section, we present the results from our study starting with some preliminary exploration. As can be seen in Figure 7 , a much higher percentage of RFID tags were read when an ETD was present (70.33%) than when it was not (0.72%). Figure 7 also shows how, if at all, the overall percentage of RFID tags read differed between variations of forklift speed, product types and pallet patterns.
[Insert Figure 7] We ran a binary logistic regression with whether an RFID tag is read as the dependent variable. The factors were presence of an ETD (yes or no), product type (cans or bottles), pallet orientation (column or cross), forklift speed (2.4 kph, 8.1 kph and 16.1 kph), and all two-way interactions. At an overall significance level of 0.05, only the interaction between product type and pallet pattern appeared to be statistically significant (p < 0.0001).
Next, we ran a binary logistic regression with the same dependent variable as before, but this time with the four main effects, and subsets of the six two-way interactions as factors. After, looking at all the models we picked the model with all four main effects and the two-way interaction of product type and pallet orientation.
The goodness-of-fit tests for this model had p-values between 0.2 and 0.8, indicating that there is no evidence to suggest that the model is not appropriate.
We found the interaction between product type and pallet orientation to be statistically significant (p < 0.0001) in predicting whether an RFID tag is read. The main effects of presence of an ETD and forklift speed were also statistically significant (p < 0.0001). All other factors remaining the same, the odds of an RFID tag being read in the presence of an ETD are between 250.7 and 779.0 times higher than that of the same odds for when an ETD is absent, with 95% confidence level.
Also, the odds of an RFID tag being read at low forklift speed (2.4kph) is between 2.0 to 3.3 times higher than the same odds at high forklift speed (16.1kph)(p < 0.0001). The medium speed (8.1 kph) was not found to be statistically significantly different from high forklift speed.
Additionally, our data suggest that stacking beverage cans in column stack pattern rather than cross stack pattern results in higher odds of the RFID tags being read by about 2.0 times and that stacking bottled water in cross stack rather than column stack patterns results in higher odds of the RFID tags being read by about 1.7 times. Since this interaction is statistically significant, we do not interpret the coefficients of the main effects of product type and pallet orientation. Table 1 shows the parameter estimates (using maximum likelihood estimation) from the binary logistic regression model with whether an RFID tag is read as the dependent variable and all four main effects and the two-way interaction of product type and pallet orientation as factors.
As mentioned earlier, 70.33% of tags were read when an ETD was present; meaning 29.67% were not read. We wanted to investigate if any additional factors might be predictive of tag readability in the presence of an ETD. For the tags with ETD, we ran a binary logistic regression with whether a tag was read as a dependent variable. The factors were forklift speed (2.4 kph, 8.1kph and 16.1kph), product type (cans or bottles), pallet orientation (column or cross), the interaction of product type and pallet orientation, tier number indicating location of tag (1=top to 6=bottom) and antenna orientation (facing towards tag, facing away from tag). Table 2 and [Insert Table 1 
and 2]
In addition to forklift speed and the product type-pallet orientation interaction, at an overall significance level of 0.05, both tier number and antenna orientation were found to be statistically significant (p < 0.0001). We are 95% confident that when the tag is facing the antenna (as opposed to away), the odds of the tag being read is between 2.42 and 4.06 times higher. Also, the odds of a tag on the top tier (as opposed to the bottom tier) being read was found to be significantly lower (0.3 84); we found that the odds of a tag on the second highest tier being read (as opposed to the bottom tier) is significantly higher (1.507). Tiers 3, 4 and 5 were not found to be significantly different from tier 6.
[Insert Figure 8 ] CONCLUSIONS RFID technology is constantly evolving with the promise to provide more than adequate readability of all tags placed on assets. This study evaluated the effectiveness of the ETD concept to enhance readability of tagged RPCs in a unitized load based on product type, forklift truck speed and pallet pattern and concludes the following:
The ETD concept explored in this study greatly enhances the opportunities for adapting RFID for reusable packages. An overall improvement of 96.68% in the readability of RFID tags was observed with the ETD attached to the RPCs in the unitized load. As a worst case scenario, the RPCs for our study were packed to the maximum capacities with the two types of products. This is usually not the case for actual shipments and further improvements in readability may be realized.
As shown in several past studies, the lowest speed used to move the palletized load through a portal increased the probability of reading the tags applied to the RPCs.
The medium speed of 8.1 kph was not found to be significantly different than the high speed of 16.1 kph.
Optimum pallet pattern selections depend on the type of product-package system.
For bottled water, the best type of pallet pattern was the cross stack (two times better than column stack pattern) and for the beverage cans, the best type of pallet pattern observed was the column stack (1.7 times better than cross stack pattern).
The factors used in this study need to be considered and experimented with prior to finalizing any specifications for adopting RFID in distribution to yield optimum efficiencies in the supply chain.
